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Abstract
With current gene-transfer techniques in fish, in-
sertion of DNA into the genome occurs randomly
and in many instances at multiple sites. Associated
position effects, copy number differences, and mul-
tiple gene interactions make gene expression experi-
ments difficult to interpret and fish phenotype less
predictable. To meet different fish engineering
needs, we describe here a gene targeting model in
zebrafish. At first, four target zebrafish lines, each
harboring a single genomic lox71 target site, were
generated by zebrafish transgenesis. The zygotes of
transgenic zebrafish lines were coinjected with
capped Cre mRNA and a knockin vector pZklox66RFP.
Site-specific integration event happened from one
target zebrafish line. In this line two integrant
zebrafish were obtained from more than 80,000
targeted embryos (integrating efficiency about 10-4
to 10-5) and confirmed to have a sole copy of the
integrating DNA at the target genome site. Ge-
nomic polymerase chain reaction analysis and DNA
sequencing verified the correct gene target events
where lox71 and lox66 have accurately recombined
into double mutant lox72 and wild-type loxP. Each
integrant zebrafish chosen for analysis harbored the
transgene rfp at the designated egfp concatenates.
Although the Cre-mediated recombination is site
specific, it is dependent on a randomly placed target
site. That is, a genomic target cannot be preselected
for integration based solely on its sequence. Con-
clusively, an rfp reporter gene was successfully
inserted into the egfp target locus of zebrafish
genome by Cre-lox-mediated recombination. This
site-directed knockin system using the lox71/lox66
combination should be a promising gene-targeting
platform serving various purposes in fish genetic
engineering.
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Introduction
Gene targeting, defined as the introduction of site-
specific modifications into the genome by homolo-
gous recombination, has revolutionarized the field
of genetic engineering and allowed the analysis of
diverse aspects of gene function in vivo (Muller
1999). Homologous recombination in mammalian
cells between an artificial targeting vector and an
endogenous gene was achieved at a very low
frequency (Smithies et al. 1985). Thereafter, gene
targeting based on homologous recombination in
embryonic stem (ES) cells of mammalian developed
rapidly (Thomas and Capecchi 1987; Skchwartzberg
et al. 1989).
Recently the most versatile and widely applied
strategy to gene targeting was based on the Cre-loxP
recombination system (Kilby et al. 1993; Torres and
Kuhn 1997). Cre recombinase catalyzes reciprocal
site-specific recombination between two loxP sites
(Sauer and Herdenson 1990). The loxP sequence is
composed of an asymmetric 8-bp spacer flanked by
13-bp inverted repeats, and Cre protein binds to the
13-bp repeats mediating the recombination within
the 8-bp spacer (Austin et al. 1981; Lee and Saito
1998). Cre recombinase can excise any intervening
sequence flanked by loxP sites at high efficiency,
which makes the Cre-loxP system a widely used
method to achieve conditional targeted deletion,
inversion, translocations, and other modifications
in chromosomal or episomal DNA (Sauer and
Henderson 1988; Gu et al. 1994; Buchholz et al.
2000). Also, the Cre-lox system has been used for
site-specific integration or replacement of trans-
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fected DNA into a chromosomally positioned lox
site (Sauer and Hendenson 1990; Feng et al. 1992).
The integration reaction is inefficient with wild-
type loxP sites due to the reexcision of the recom-
bined product, and therefore mutant lox sites have
been developed to increase the efficiency of Cre-
mediated insertion or replacement (Albert et al.
1995; Araki et al. 1997). Targeted integration using
the left element right element (LE/RE) mutant lox
sites proved to be a useful strategy in embryonic
stem cells (Araki et al. 2002; Liu et al. 2004).
In fish engineering, we transferred the human
growth hormone (GH) gene into the gold fish and
got the first transgenic gold fish which grows faster
than the wild control (Zhu et al. 1985). Thereafter,
we analyzed the integration patterns and mecha-
nism of foreign transgenes in transgenic fish and
found that insertion of DNA into the genome
occurs randomly and in many instances at multiple
sites (Zhu and Sun 2000). With current gene-transfer
techniques in fish, the random integration of foreign
transgenes was still a limit in fish genetic engineer-
ing. Associated position effects, copy number differ-
ences, and multiple gene interactions make gene
expression experiments difficult to interpret and
fish phenotype less predictable (MacLean et al.
1987; Lin 2000). To explore new gene transfer tools
and strategies, we have tried the homologous
recombination combined with positive and negative
selection in common carp spleen cells to produce
gene-targeting fish. However, the low recombina-
tion efficiency (10-6) and the limited target cells led
to the failure of producing gene-targeting fish
(unpublished data). We also developed double fluo-
rescence expression vector to mediate knockout/
knockin in zebrafish although the efficiency was
also low (10-6) (Wu et al. 2006). Gene transfer based
on Sleeping Beauty transposon was introduced to
produce transgenic fish at a higher integrating
efficiency (Davidson et al. 2003). RecA recombinase
also showed efficient homologous recombination
for targeted mutagenesis in zebrafish (Cui et al.
2003). Cre-mediated gene deletion in zebrafish
suggested Cre-loxP system could efficiently work in
zebrafish (Dong and Stuart 2004; Pan et al. 2005),
which may hold potential uses for a knockin
strategy in fish. Recently homologous recombina-
tion in embryonic stem cells of zebrafish also
showed the potential for cell-mediated gene target-
ing in spite of many limitations need to be con-
curred (Fan et al. 2006).
Despite of some progress in homologous recom-
bination and Cre-lox recombination in fish, more
efficient transgenesis methods were desired both for
gene function research and aquaculture application.
We tried to produce some founder transgenic fish for
the goal of site-specific integration where lox-
flanked reporter gene was driven by tissue specific
promoters. Site-specific insertion of any desired
genes into that predefined sites in fish genome
may circumvent the unwanted position effects
caused by randomly integration of transgenes. Site-
specific gene integration can be applied to improve
important aquaculture traits and production by
replacing the desired genes to known sites of
founder transgenic fish. Also, site-specific gene
integration can be explored to study gene function
by accurate gain-of-function research which is much
better than normal transgenic methods. All these
applications can be used in other aquaculture species
just as other genetic tools such as morpholino,
TILLING, and so forth (Dahm and Geisler 2006).
This study was designed mainly to test two
hypotheses. First, when a gene without a promoter
is used to replace a preexisting gene in the genome,
site-specific recombination will result in expression
of the replacement transgene at the same rate as the
replaced (recombined out) gene. Second, a highly
efficient gene-targeting platform can be constructed
to precisely regulate the desired gene expression in
fish. Here we utilized zebrafish as a model to
investigate the possibility of Cre-lox-mediated inte-
gration of foreign gene into the specific locus of fish
genome.
Materials and Methods
Experimental Fish. Zebrafish (AB strain) were
reared at approximately 28.5-C, under a 14-h light/
10-h dark photoperiod. After fertilization, eggs were
collected and cultured in an aquarium according to
the zebrafish book (Westerfield, M 1989). Fluorescence
was observed with an Olympus SZX-12 microscope.
DNA Constructs. Plasmid of pCMVlox71eGFP was
constructed to produce transgenic zebrafish. Using
pCMVeGFP as the template, CMV promoter was
amplified with a pair of primers of PCMV-G and
PCMV-M (Table 1), digested with BamHI and BglII, and
cloned to the BglII site of pZeroAmp(accession no.
AY569776) to form pZA-CMV. Using pCMVeGFP as
the template, a specific polymerase chain reaction
(PCR) product lox71-egfp-polyA was amplified with
primers PloxP71+ and P71G-. Lox71-egfp-polyA was
inserted into BamHI site of pZeroKan (accession no.
AY569777) to form pZK-lox71eGFP, which was
digested with BamHI and XhoI and the lox71-egfp
fragment was inserted into pZA-CMV to form
pCMVlox71eGFP. Plasmid of pZKlox66RFP was
constructed as the targeting vector. Using pXeXRFP
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as the template, a specific PCR product containing
rfp flanked by lox66 was amplified with primers
Plox66R+ and P66R-. The PCR fragment was digested
with BglII and inserted into BglII site of pZeroKan to
form the plasmid pZKlox66RFP. Capped Cre mRNA
was used to mediate gene deletion efficiently in
cultured cell (Plas et al. 2003). So plasmid pZKCre
was constructed as the template to transcribe and
cap cre mRNA in vitro. The small SacI-XhoI fragment
of plasmid pCCre was inserted into pZeroKan to form
pZKCre. The sequences of all the lox sites contained
in these plasmids were confirmed by DNA
sequencing.
Generation of Stable Transgenic pCMVlox71eGFP
Zebrafish Lines that Hold the cmv-lox71-egfp
Integration Site. 100 ng/ml of plasmid pCMVlox71eGFP
solutions were microinjected into zebrafish embryos at
the one-cell stage via drawn glass microcapillary
pipettes attached to a micromanipulator. Injection
was driven by compressed air. Microinjection
volumes were estimated at 1 nl per embryo, based on
calibrations using known quantities of solution.
Zebrafish showing strong green fluorescence during
the segmentation stage were selected as the P0
generation. Mating the P0 generation with wild-type
zebrafish produced F1 progeny, and mating F1
generation with wild-type zebrafish produced F2
progeny. Maternal effects of green fluorescence might
confuse the selection of positive transgenic zebrafish,
so genomic PCR was utilized to facilitate and confirm
the selection process. Genomic PCR was manipulated
to verify the transgenic zebrafish with primers Pgfp+
and Pgfp-. Pgfp+ was designed at 281 bp of egfp and Pgfp-
was designed at 589 bp of egfp. The expected PCR
bands were 329 bp.
Production of In Vitro Transcribed Cre
mRNA. The pZKCre vector was linearized with
ApaI (MBI Fermentas, Lithuania), purified using a
PCR purification kit (V-gene, China), and used as
DNA templates for in vitro transcription reaction.
Transcription and Purification of mRNA were carried
out with the SP6 Message Machine Kit (Ambion,
Austin, TX) according to the manufacturer_s
instructions. RNA was stored at -70-C in small
aliquots.
Coinjection of Cre mRNA and Knockin Vector
pZKlox66RFP. One-cell embryos of the F3 CMV-
lox7-egfp zebrafish were coinjected with Cre mRNA
and knockin vector pZKlox66RFP. In preliminary
experiments, the injection dose of pZKlox66RFP was
100 pg per embryo, and the injection dose of Cre
mRNA was 1.0, 5.0, 10.0, 20.0, 50.0, and 100.0 pg
per embryo. For coinjection experiment, a nominal
concentration of 10 pg Cre mRNA and 100 pg
pZKlox66RFP per embryo yielded less toxicity to
zebrafish embryos, whereas an equivalent amount
of control pZKlox66RFP injection group yielded
embryos indistinguishable from wild-type embryos.
PCR Analysis and DNA Sequencing. Total
genomic DNA of two red-fluorescent embryos at
4 dpf (days postfertilization) were extracted with the
lysis buffer [pH 8.0 10 mM TrisICl, pH 8.0 0.1 M
EDTA, 2% sodium dodecyl sulfate (SDS), 20 mg/ml of
RNase]. The genomic DNA was dissolved in 20 ml of
ddH2O. The PCR was performed in a 25-ml solution
containing 5 ml of genome DNA, 200 mM dNTPs,
10 pmol of primers, 1.0 U of Taq polymerase
(Fermentas, Lithuania), 50 mM KCl, 1.5 mM
MgCl2, and 0.001% gelatin in 10 mM Tris-HCl, pH
8.3. The primers for egfp are Pgfp+ and Pgfp-, the primers
for rfp are Prfp+ and Prfp-, and the primers for the
recombination fragment are Pcmv+ and PR-. A GenAmp
PCR System 9700 (Perkin Elmer, Waltham, MA) was
used with the following program: a predenaturation at
94-C for 5 min, 30 cycles of amplification (94-C for
30 s, 57-C for 30 s, 72-C for 30 s) and a final extension
Table 1. Primers used in the experiment
Plox71G+ ATAGGATCCTACCGTTCGTATAGCATACATTATACGAAGTTATACCGGTCGCCACCATG
Plox71G- TTTAGATCTACGCCTTAAGATACATTGATG
PCMV-G TTTTAGATCTACGCGTGGAGCTAGTTATTA
PCMV-M TTTTGGATCCGGAGGCTGGATCGGT
Plox66R+ TTTAGATCTATAACTTCGTATAGCATACATTATACGAACGGTACCATGGTGCGCTCCTC
P66R- TTT AGATCT GATCTGATCTAGAGGATC
Pgfp+ TCCAGGAGCGCACCATCTT
Pgfp- TGCTCAGGTAGTGGTTGTCGG
Pcmv+ GCAGTACATCAATGGGCGTGGAT
PR- TCGCATGAACTCCTTGATGACGTT
Prfp+ TCCAAGAACGTCATCAAGGAGTT
Prfp- AGCTTCAGGGCCTTGTGGAT
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at 72-C for 7 min. The PCR products were separated
using 1.0% agarose gel electrophoresis. The PCR
products were purified, cloned into the T-vector
(Takara, Japan), and sequenced.
Results
Description of the Gene Integration Strategy. Our
site-directed, gene-targeting system in zebrafish was
mainly based on two vectors: one was the target
vector pCMVlox71eGFP, the other was the knockin
vector pZKlox66RFP. The experimental strategy was
designed to remove many of the variables that have
been implicated to cause gene silencing in other
systems, namely, the generation of the inverted
repeat, multiple transgene copies, and variable
chromosomal locations. The gene-targeting strategy
is depicted in Figure 1 and as follows:
Step 1: Random integration. By microinjection of the
target vector pCMVlox71 eGFP, the target
vector was randomly integrated into the zebra-
fish genome. Following the effective integration
of the transgene, green fluorescence zebrafish
were selected as the positive parental genera-
tion to produce the transgenic lines.
Step 2: Germ line transmission. By mating the P0 green
fluorescence zebrafish with the wild-type zebra-
fish, the F1 generation embryos of green
fluorescence were selected. The positive fish
were mated with wild-type zebrafish until
zebrafish with a stably integrated reporter gene
Figure 1. Three-step strategy to construct a site-specific gene integrating platform in zebrafish. Step1: structure of the
target vector and its random integration into zebrafish genome; step 2: germline transmission of the transgene; step 3:
Cre recombinase-mediated integration of knockin vector into the targeted site previously introduced into the zebrafish
genome. The right integrant zebrafish could show red fluorescence.
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were identified, which became founders for
further studies.
Step 3: Cre-mediated gene insertion. The reversibility
of the recombination reaction catalyzed by Cre
recombinase can lower the targeting efficiency.
The mutant lox, lox71, has 5 bp mutated in the
left 13-bp repeat, and the mutant lox, lox66,
has 5 bp mutated in the right 13-bp repeat
(Siegel et al. 2001). Recombination between a
chromosomally located lox71 site and a lox66
site on a targeting plasmid results in site-
specific integration of the plasmid, producing a
double mutant lox site with mutated sequences
in both the 13-bp repeats and a wild-type loxP
site. Since the binding affinity of the lox
mutant lox72 with Cre recombinase was re-
duced, the integrated plasmid was stably
retained (Araki et al. 1997).
The zygotes of transgenic zebrafish were coinjected with
a capped mRNA coding Cre recombinase and the
knockin vector pZKlox66RFP. The latter consisted of a
lox66 flanked RFP coding sequence without eukaryotic
promoter. The expression of Cre mRNA can induce a
site-specific recombination event between the lox71 site
in the zebrafish genome locus and the lox66 site of the
knockin vector, allowing the integration of the whole
vector. Red fluorescence was used to select the targeted
embryos in which Cre-mediated insertion occurred.
Genomic PCR analysis and the PCR product sequencing
were used to verify the right targeting event but not
foreign gene_s random insertion.
Stable Transgenic pCMVlox71eGFP Zebrafish
Lines Holding lox71 Flanked egfp Target
Transgene. Utilizing fluorescence proteins as
reporters is a convenient and effective way in
zebrafish to various goals (Wan et al. 2002; Linney
and Udvadia 2004). We use GFP and RFP as the report
markers for the convenient selection of transgenic
lines. A total of 112 P0 positive transgenic zebrafish,
which showed green fluorescence under 480-nm
excitation light, were obtained and matured. Mating
these zebraifish with wild-type zebrafish, we
obtained 6 P0 female transgenic zebrafish in which
transgene was integrated into germ cells. By mating
F1 generation with wild-type zebrafish, we obtained
the F2 generation. By analyzing F2 generation with
PCR detection, we obtained 4 F1 female transgenic
zebrafish in which the progeny was near 50%
positive. By mating the heterozygous lox71egfp+/
lox71egfp- F2 generation with wild-type zebrafish, we
obtained F3 generation served as the targeted
embryos. Owing to the carryover of GFP protein
from the mother (Kane and Kimmel 1993), all of the
Figure 2. F3 heterozygous transgenic zebrafish embryos derived from the mating of F2 female pCMVlox71eGFP with wild
male fish. Owing to the carryover of GFP protein from the mother, green fluorescence can be visualized at the very early
stage and seemingly 100% positive. (A–D) The green fluorescence was observed at different developmental stages. (A)
Zygotes; (B) four-cell stages; (C) blastula stage; (D) 24-somite stages.
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embryos showed the green fluorescence during the
early embryo development (Figure 2).
Site-Directed Integration of rfp Reporter
Gene. We took the heterozygous lox71gfp+/lox71gfp-
F3 generation as the targeted zebrafish zygotes. By
coinjecting 10 ng/ml of capped mRNA coding Cre
recombinase and 100 ng/ml of knockin vector
pZKlox66RFP, totally we injected about 80,000
embryos and two red fluorescence zebrafish were
finally obtained from one of the four transgenic
lines (Figure 3A and D). Surprisingly, the two
zebrafish also showed green fluorescence exactly at
the same position of red fluorescence (Figure 3C and
F), which suggested that the two fluorescent
proteins were expressed at the same region. These
phenotypes for overlapped expression of RFP and
GFP indicated the genotypes of the two zebrafish
should be lox71gfp-lox72rfp concatermer, which
implied the incomplete gene replacement and site-
directed lox recombination. Both egfp and rfp could be
detected by PCR in the two red embryos also
confirmed the point (data not shown).
Molecular Analysis of Integrant Zebrafish. In
some cases, a promoterless foreign gene integrates
into a genome behind an endogenous promoter and
is expressed accordingly, which is referred to as
promoter trapping (Wadman et al. 2005). To exclude
the possibility of promoter trapping in red fluorescent
zebrafish, the genomic DNA from RFP-positive
embryos was isolated and PCR analysis was taken to
verify the gene-targeting event. The forward primer
was Pcmv+ designed at the position of CMV promoter
586bp, and the reverse primer was Prfp- designed at
the position of RFP 17bp (Figure 4A). Both primers
were specific to CMV promoter and rfp gene,
respectively. The expected 359-bp PCR products
were amplified with Pcmv+ and Prfp- in red
fluorescence zebrafish but not in the control (Figure
4B). The identities of PCR amplified gene specific
products was confirmed by DNA sequencing (Figure
Figure 3. The right gene targeted zebrafish showed both green fluorescence and red fluorescence at the same position. (A–
C) The same integrant zebrafish at 10-somite stage. (D–F) The other integrated zebrafish at 10-somite stage. (C) Merged
picture of A and B. (F) Merged picture of C and D. As shown, the fluorescence overlapped and the green fluorescence was
still present, which implied incomplete gene integration in the genome locus. Scale bar=250 mm.
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Figure 4. PCR analyses of genomic DNA from embryos of Cre mRNA-mediated gene targeting. (A) Expected DNA
structure for site-specific integration. The small arrows indicate the positions and directions of the PCR primers.
The expected sizes of PCR products are indicated. (B) Agarose electrophoresis of genomic PCR. Lanes 1-4 represent
genomic DNA templates from different embryo samples. 1, Wild-type embryos; 2, non-red embryos; 3 and 4, red fluo-
rescence embryos. (C) DNA sequencing of the PCR products confirmed the right gene-targeting event. Pcmv+: 33 bp-55 bp,
lox72: 314 bp-347 bp, PR-: 368 bp-391 bp.
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4C). As was expected, recombination reaction
between lox71 and lox66 led to double mutant lox72
and wild-type loxP.
Discussion
We produced a stable transgenic pCMVlox71eGFP
zebrafish line holding a lox71 and enhanced gfp
driven by CMV promoter. The capped Cre mRNA
and the knockin vector pZKlox66RFP were coinjected
into F3 generation heterozygous zebrafish zygotes
and we successfully obtained the targeted zebrafish
embryos that showed red fluorescence at the posi-
tion of green fluorescence located. Genomic PCR
analysis and DNA sequencing verified that the lox66
flanked rfp gene precisely integrated into the lox71
site of zebrafish genome.
We have shown that a mutated lox site, lox71,
can be targeted for site-specific recombination by a
second mutated lox sequence, lox66, to produce a
stable double mutant. When lox71 and lox66 recom-
bined into double mutant lox72 and wild-type loxP,
the resulting integration is predicted to be stable
due to the likely poor function of the double mutant
lox72 site formed in the process (Araki et al. 2002).
However, the integrate efficiencies varied with
different egfp target sites, the same as in mouse
(Vooijs et al. 2001). The data that both targeted
embryos were from one transgenic line indicated
the chromosome environment of different targeting
sites might influence the gene-targeting efficiency.
Also from the consistent fluorescence observation
we evaluated that RFP and GFP were expressed
nearly at the same levels. These data supported the
hypothesis that this target site could express differ-
ent desired genes and obtain basically same expres-
sion levels, which should be very useful to identify
a new gene by gain-of-function.
However, we also found the strategy is not very
efficient. In total, about 80,000 eggs from four
transgenic lines were injected and roughly 20,000
eggs per line. It turned out that the overall integra-
tion efficiency was about 10-4 to 10-5, which was
much less than gene deletion based on loxP in
zebrafish (Dong and Stuart 2004; Pan et al. 2005).
During the process of RFP screening, we also find
some RFP-positive embryos now and then, but
nearly all of those RFP are expressed in a very small
area of body, which were precluded from our view
because the correct targeted embryos are supposed
to be CMV-rfp genotype where red fluorescence
should be expressed in a large part of body or whole
body. There are several limited steps that can be
improved and optimized. First, the system as
described in the work requires co-injection of Cre
mRNA and the knockin vector, which may lead to
the low efficiency of the successful gene-targeting
event. Injection of lox-containing plasmids with
mRNA encoding Cre recombinase can lead to a
large number of recombination products that can
reduce the efficiency of the site-specific recombina-
tion of the sequence in the plasmid with the
genomic target site. Moreover, if there were multi-
ple genomic target sites, recombination between
them can occur. Toxic effects preclude increasing
the level of Cre in the cell (Loonstra et al. 2001).
Hence, a single-copy transgenic zebrafish line with
the lox66/lox71 flanking sequence may be more
efficient (Bronson et al. 1996; Rahman et al. 2000).
It is also highly advisable to construct some Cre-
expressing transgenic zebrafish lines. Second, the
excision of target transgenes among lox71s on the
chromosome also showed that recombination reac-
tion between two lox71 is much easier than that of
lox71 and lox66 according to our observation.
To conclude, four cmv-lox71-egfp transgenic
zebrafish lines, in which cmv was the promoter and
lox71 flanks egfp, have already been produced. Site-
specific integration into these lines will enable
insertion of any desired exogenous gene fragments
at predetermined locations in zebrafish genome and
may thereby allow avoidance of the so-called
Bposition effects^ by the selection of specific effec-
tive insertion sites. Our results also showed that a
transgene can be delivered into a specific chromo-
some position and be expressed at a predicted level.
It seemed likely that target sites can be found such
that the chromosomal context will yield a higher
and more consistent level of transgene expression.
Although it was very low in this system, the
integration efficiency can be improved greatly by
producing single-copy target strain. Taken together,
Cre-lox recombination offers a method for precise
insertion of single-copy DNA into genomic targets,
which holds great potential for gene-transfer studies
in fish.
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